Elevated mixing ratios of ozone in the lower troposphere are a major summer time air pollution issue in Europe. Photochemical in-situ production of ozone is the most important source in the planetary boundary layer and has been studied extensively. However, the contributions of background ozone due to stratospheric intrusions, lightning nitrogen oxide followed by ozone production, convective mixing and intercontinental transport are still poorly quantified. We analyse in this paper the influence of the large-scale ozone background on near-surface ozone throughout a summer smog period in July 1994 over Europe. 
The influence of the global photochemical composition of the troposphere on European summer smog, Part I: Application of a global to mesoscale model chain Bärbel Langmann 1) , Susanne E. Bauer 2) , and Isabelle Bey When thinking about protection policies, e. g. governmental restrictions or guidelines for reduction of industry and traffic emissions during such episodes or on even longer time scales, numerical model simulations help to estimate the potential effects of emission reduction strategies. A huge number of limited area models covering the regions of interest, e. g. Europe or North America, have been applied to guide decision makers (Russell and Dennis, 2000) .
The quality of these models is usually tested in hindcast experiments where the calculated distributions of atmospheric trace species are evaluated with available measurements. For such model simulations detailed inventories of emission fluxes are necessary and the meteorological situation of a specific period of interest should be reproduced as realistically as possible. In addition to anthropogenic emissions, biogenic emission fluxes of hydrocarbons have to be specified -although highly uncertain today (Simpson et al., 1999) -because these photooxidant precursors often dominate over anthropogenically emitted hydrocarbons, especially during summer smog episodes (Chameides et al., 1988) .
Another poorly known topic is the long-range transport of polluted air masses. Stratospheretroposphere exchange due to irreversible mixing within tropopause folds and / or cut-off lows contribute to the long-range transport and elevated ozone levels in the troposphere (Stohl and Trickl, 1999) , sometimes far away from the region of origin. But the overall contribution of stratospheric ozone to the tropospheric ozone budget is still uncertain (Roelofs and Lelieveld, 1997) . The importance of intercontinental transport of photooxidants and precursors in midlatitudes -from Asia to North America (Jaffe et al., 1999 , Jacob et al., 1999 and North America to Europe (Li et al., 2001 ) has been recently emphasised again after first speculations by Parrish et al. (1993) . In this context anthropogenic emissions from industry and traffic and biogenic VOC emissions released into the PBL of North America have to be consideredwhen we focus on Europe, as well as aircraft emissions, NO production by lightning and emissions from forest fires. An impact of Canadian forest fire emissions on Europe throughout the whole summer season is believed to be probable (Forster et al., 2001 ).
Although it is evident that single continents are not photochemically isolated from the global troposphere, numerical studies with limited area models for Europe or North America have neglected the influence of intercontinental transport of polluted air masses until now. The reason is a lack of detailed information about trace species concentrations throughout the troposphere. Unfortunately, a global observation network including surface based and satellite measurements as it exists for meteorological variables is not yet available for tropospheric trace species. However, within the next few years substantial progress in satellite observations of the tropospheric chemical composition can be expected including vertically resolved information (Singh and Jacob, 2000) . An option that is available today to investigate the large scale distribution of trace species and their temporal and spatial variability in limited area models is a global-regional nesting approach as it is also applied for weather forecast simulations: large scale phenomena are simulated by global coarse grid models and the results are used to provide background concentrations for higher resolution limited area model simulations over the regions of interest.
In this paper, a summer smog episode occurring over Europe at the end of July 1994 is analysed with a global to mesoscale model chain. To our knowledge it is the first time that such a model chain from the global to the mesoscale is used to investigate the question how long-range transport can affect ozone mixing ratios in surface air over Europe during summer smog episodes. Previous studies of this specific episode have been carried out with prescribed climatological trace species mixing ratios at the lateral model boundaries of a European wide simulation (Bauer and Langmann, 2002b) . These simulations excellently reproduced measured near-surface ozone and nitrogen dioxide mixing ratios at urban stations, whereas in rural areas ozone within the PBL was underestimated. A dramatic underprediction of ozone mixing ratios was also found in the free troposphere. It was suggested that the free troposphere over Europe was significantly influenced by long-range transport of ozone from outside of Europe. Intense convective activity and vertical mixing during this smog episode coupled the PBL and the free troposphere so that the impact of background ozone on nearsurface ozone was far from being negligible (Langmann and Bauer, 2002) . In order to arrive at more realistic estimates of the photochemical composition of the troposphere over Europe, we repeated these calculations with time resolved data from a global chemistry transport model (Bey et al., 2001 ). The models and their set-ups are introduced in section 2. In section 3 model results are analysed. The individual model strengths and weaknesses are assessed and the powerful application of the combined global to mesoscale model chain is presented. An additional sensitivity simulation is shown which compares the contribution of long-range transported pollution to ozone concentrations at the surface with the effect on ozone levels obtained from local emission reductions. Finally, section 4 draws conclusions and gives an outlook. A detailed analysis of the processes responsible for elevated ozone mixing ratios over Europe in July 1994 is given in a second paper (Langmann and Bey, 2002) .
Model descriptions and set-ups
The global to mesoscale model chain used in this study consists of three Eulerian models with a total of four resolutions ( Fig. 1) : The global chemistry-transport model GEOS-CHEM (Bey et al., 2001 ), the regional atmosphere-chemistry model REMO (Langmann, 2000) applied in two resolutions and the non-hydrostatic mesoscale atmosphere-chemistry model GESIMA (Bauer and Langmann, 2002a) . The simulations with the individual models are carried out one after the other. They are connected by a one-way nesting procedure. Although a nesting factor (ratio of coarse model resolution to nested model resolution) of 3 is referred to as optimal value by Pleim et al. (1991) we use nesting factors of 9, 3 and 4.5, respectively. For the global-European nesting step we had no better choice because no other global model simulation was available. For comparison with the global to mesoscale model chain, a mesoscale mode chain is run separately (see Fig. 1 ) using fixed climatological trace species distributions for the initialisation and at the lateral boundaries of the European wide simulation. The individual models and set-ups are described only briefly. More detailed information and evaluations can be obtained from the above cited references. Figure 1 
The global model GEOS-CHEM
The global chemistry-transport model GEOS-CHEM (Bey et al., 2001 ) is driven by assimilated meteorological observations provided by the Goddard Earth Observing System (GEOS) of the NASA Data Assimilation Office. The data are available every 6 hours on sigma coordinates with 20 vertical levels up to 10 hPa. The horizontal resolution is 2 ο in latitude and 2.5 ο in longitude. For computational expediency the GEOS-CHEM simulation is carried out over a 4 ο x 5 ο grid with horizontally averaged GEOS data. Advection of 24 chemical trace species is computed every 30 minutes with a flux-form semi-Lagrangian method as described by Lin and Rood (1996) . Moist convection is determined after Allen et al. (1996a, b) using the GEOS convective, entrainment and detrainment mass fluxes. Within the atmospheric mixed layer full mixing is assumed diagnosed from surface instability. The tropospheric chemical mechanism of GEOS-CHEM is an updated version of Horowitz et al. (1998) . It includes 80 species and 150 reactions with detailed photooxidation schemes for the major hydrocarbons including isoprene. Dry deposition of oxidants and water soluble species is computed using a modified version of Wesley (1989) . Anthropogenic emissions are distributed on the basis of inventories for 1985 as described in Wang et al. (1998) with updates for 1994 based on energy use statistics as described in Bey et al. (2001) . Biomass burning emissions are derived from a climatological inventory (Wang et al., 1998) , biogenic emissions are determined with a modified version of the GEIA inventory (Guenther et al., 1995) and NO production by lightning is calculated as described in Wang et al. (1998) . A general evaluation of the GEOS-CHEM model has been previously carried out using observations from surface sites, NASA/GTE aircraft campaigns, and ozonesondes [Bey et al., 2001] . No global bias was found for the key species (e.g. ozone, NO, or PAN) except for CO concentrations which were systematically underestimated by 10 to 20 ppb.
The GEOS-CHEM simulation is conducted from June, 1, 1993 to August, 31, 1994 starting from climatological trace species distributions as initial conditions. This provides a one-year initialisation until June 1994. Model results from July 1994 are used in this study for comparison with observations and for the nesting of the higher resolution European wide REMO simulation.
The regional model REMO
The regional on-line atmosphere-chemistry model REMO (Langmann, 2000) determines at every model time step the physical and chemical state of the model atmosphere. The dynamical part and the physical parameterisation routines are taken from the regional weather forecast model system EM/DM of the German Weather Service (Majewski, 1991) . In the current study the REMO model is applied with 20 vertical layers of increasing thickness between the Earth surface and the 10 hPa pressure level using terrain following hybrid pressure-sigma coordinates. The horizontal resolution is 0.5 ο for the model domain covering
Europe and 1/6 ο for the smaller area covering Germany (Fig. 1 ). The corresponding model time steps are 5 and 2 minutes, respectively. The prognostic equations for surface pressure, temperature, specific humidity, cloud water, horizontal wind components and chemical trace species mixing ratios are written on an Arakawa-C-grid (Mesinger and Arakawa, 1976) .
Tracer transport of 39 species is represented by horizontal and vertical advection according to the algorithm of Smolarkiewitz (1983) , convective up-and downdraft by a modified scheme of Tiedtke (1989) , vertical diffusion after Mellor and Yamada (1974) and dry deposition after Wesley (1989) . The RADM II chemical scheme (Stockwell et al. 1990 ) describes photochemical production and loss of 63 compounds by 163 chemical reactions in the gas phase including a wide range of hydrocarbon degradation reactions. Aqueous phase chemistry processes and wet removal are implemented according to Walcek and Taylor (1986) .
Photolysis rates are calculated as described in Madronich (1987) and Chang et al. (1987) . Table 1 The temporal and spatial variability of trace species mixing ratios for the initialisation and at 
The mesoscale model GESIMA
The 4 km x 4 km non-hydrostatic meso-γ-scale on-line atmosphere-chemistry model GESIMA (Bauer and Langmann, 2002a ) is applied over the area of Berlin-Brandenburg, Germany. A detailed description of the dynamical part is given in Kapitza and Eppel (1992) .
For the numerical solution, the thermodynamic variables are split into isentropic reference values which are assumed to be hydrostatic, and deviations. For the density, the Boussinesq approximation is used. The model equations are discretised on terrain following coordinates with 25 levels in the vertical up to 11 km height. The basic model time step is 20 seconds. For the horizontal representation orthogonal coordinates with an Arakawa-C-grid are used.
Advection of trace species is determined according to Smolarkiewitz (1984) , vertical diffusion is calculated using a first order closure scheme according to level 2.5 (Mellor and Yamada, 1974 ) and dry deposition is computed after Wesley (1989) . Gasphase chemical mechanism, photolysis rates, anthropogenic and biogenic emissions are included in the GESIMA model in the same way as already introduced above for the REMO model.
The GESIMA model uses the following interpolated results of the German wide REMO 1/6 ο simulation for initialisation: horizontal wind velocities, potential temperature, specific humidity, pressure and trace species mixing ratios. Throughout the simulation (July, 22 -26, 1994 ) the information of the meteorological variables is nudged at the lateral and top boundaries of the GESIMA model, whereas the information of the chemical species is nested according to Pleim et al. (1991) . The data sets are updated every hour with a linear interpolation in between. For more details see Bauer (2000) .
Model results and discussion
In this section model results and comparisons with observations are presented and discussed for the period of July, 20-30, 1994 . We focus on ozone for three reasons: 1) ozone is associated with summer smog, 2) plentiful ozone measurements are available, and 3) ozone is subject of long-range transport in the free troposphere.
Weather situation over Europe
The July 1994 episode was characterised by high surface pressure over Central Europe causing heat waves with maximum near-surface temperatures nearly reaching the highest temperatures ever measured since the beginning of the daily temperature records (Berliner Wetterkarte, 1994) . Several low pressure systems passed over the British Isles and Scandinavia. In the PBL over Central Europe low easterly winds prevailed whereas the free tropospheric air masses over Central Europe originated from western directions from the Atlantic ocean. Until 25 July dry continental air masses without clouds dominated the weather situation over Central Europe. On 25 July an occlusion with strongly decreasing intensity entered Germany from the west, accompanied by moist subtropical air and thunderstorms.
During the following days the weather situation remained moist and hot until 29 July, when fresh maritime air was transported towards Germany. Overall, the weather situation favoured photosmog formation and accumulation in the PBL over Central Europe.
Large scale distribution of ozone outside of Europe
The spatial and temporal variability of ozone mixing ratios as determined by the GEOS- to -1.6 ppbv for REMO 1/2 ο results. Maximum ozone mixing ratios below 25 ppbv were measured at several British sites during July 26 and 27 and tend to be overpredicted in both REMO simulations. During the first days the differences in the two REMO results shown in Afterwards the importance of the initial ozone distribution declines rapidly in the PBL and simulated ozone mixing ratios in the PBL are made up mainly by photochemically produced ozone and ozone that is transported from outside into the European area (Langmann and Figure 4 Bauer, 2002). As the background mixing ratios are the only difference between the two REMO simulations, they are also responsible for the differences in the calculated near-surface ozone mixing ratios. Therefore it can be concluded that during the summer smog episode investigated here, vertical exchange between PBL and free troposphere air masses clearly took place. A significant portion (5-10 %) of near-surface maximum ozone during that episode did not build up from local anthropogenic or biogenic emissions but were due to transport of background ozone from the free troposphere. Our study emphasises the need for using realistic background ozone concentrations throughout the troposphere -which might be different from the climatological values in some cases such as the episode described here -to reduce uncertainties in the simulation of ozone concentrations in the PBL.
Figure 5
The importance of convective events and accompanying rapid subsidence in bringing background ozone from the free troposphere into the PBL is also emphasised by Fiore et al. 
Photooxidants in the Berlin-Brandenburg area
For further comparisons of model results and measurements we focus on the area of BerlinBrandenburg (Fig. 1) where a field experiment called FLUMOB (German abbreviation of Aircraft measurements of ozone and precursors to estimate emission reduction measures in Berlin-Brandenburg) took place at the end of July 1994 (Stark et al., 1995) . Aircraft measurements, near-surface measurements and a few vertical soundings were carried out from a ground based observational network. At 27 stations of this network near-surface ozone mixing ratios were measured (see Fig. 2 of Bauer and Langmann, 2002a) . These data are shown in Fig. 6 together with the model results at these stations as determined by our three limited area model simulations carried out over the area of Berlin-Brandenburg, Germany and Europe ( Fig. 1 (Fig. 7a) underprediction of ozone in 500 m altitude is accompanied by elevated NO 2 mixing ratios in both GESIMA simulations.
Outside the PBL ozone values are increased up to 20 ppbv in the new GESIMA simulation.
The situation in the afternoon hours is different (Fig. 7b) . Ozone as determined by GESIMA is still underestimated in the PBL and higher up. This points to less vertical mixing, a smaller PBL height and less photochemical production in the model atmosphere than in reality, or to underestimated free tropospheric background ozone concentrations leading to an underestimation of ozone in the PBL caused by downward mixing. The later explanation is supported by vertical ozone soundings. At this point it should be mentioned that the measured ozone mixing ratios throughout the troposphere at the end of July 1994 were significantly enhanced compared to the climatological mean (Logan, 1999) . A pronounced layering of ozone was observed between 5 and 10 km height on July 23, 1994 (Fig. 8) Recently, activities have started to improve the timing of biomass burning emissions during specific periods in global models using satellite observations so that a more realistic representation of these emission can be expected in the future.
European emission reduction experiment
In Fig. 9 illustrates near-surface ozone mixing ratios determined by the global nested REMO simulation as 4 days average (July, 25-28, 1994) at 16 UTC and the effect of the European wide emission reduction experiment. An unexpected small increase of 2.5-5 ppbv ozone is visible over England and the main outflow direction, the North sea area (Fig. 9b ) which can be explained as follows: Due to the cloudy conditions the absolute ozone values in these air masses are rather small in the range of 20-40 ppbv (Fig. 9a) . However, the load of pollutants, mainly NO x is high so that an emission reduction of only 25 % leads to a decrease of HNO 3 formation which in turn increases the availability of OH, thus allowing more ozone production (Sillman et al., 1990) . Over Central Europe the emission reduction leads to the expected decrease of the daily ozone maxima. The effect is stronger than 5 ppbv with maximum values of about 10 ppbv. These values are in the same range but opposite direction as those presented in the previous subsections related to the effect of long-range transport of polluted air masses from outside of Europe. Thus, emissions from elsewhere (North America, Asia) and long-range transport increase daily ozone maxima over Europe during summer smog conditions by roughly the same amount as European emission reduction efforts decrease daily ozone maxima.
Conclusions and outlook
A global to mesoscale model chain focussing on Europe, Germany and Berlin-Brandenburg has been applied in this paper for the investigation of the effect of long-range transport of pollution on surface air composition during a summer smog episode at the end of July 1994. Europe at the end of July 1994 is presented in a companion paper (Langmann and Bey, 2002) to illuminate the uncertainties and the complex interactions between long-range transport of pollutions, e.g. Canadian forest fire emissions as assumed by Waible et al. (1999) , local sources, e.g. lightning NO x production and convective mixing.
Ozone mixing ratios determined by the global model dominate the results of the higher resolution limited area models in the free troposphere but also contribute significantly to nearsurface ozone mixing ratios. Convective mixing induced by occasionally occurring thunderstorms couple the air masses of the free troposphere and the PBL over Europe. It is shown that ozone from the free troposphere is injected into the PBL contributing an amount of at least 5-10 ppbv to maximum near-surface ozone mixing ratios during the summer smog episode under investigation. It should be noted, however, that the contribution of long-range transported pollution to ozone concentrations in surface air calculated for that period might not be representative of typical situations because of especially high convective activity which contributes significantly to vertical transfer between the PBL and the free troposphere.
Further work is needed to evaluate such numbers on a climatological base. Wesley, M. L., Parameterization of surface resistances to gaseous dry deposition in regionalscale numerical models, Atmos. Environ., 23, 1293 Environ., 23, -1304 Environ., 23, , 1989 . (July, 25-28, 1994) 
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